A study was carried out to determine the effect of higher shear rates (64.5 to 4835 s −1 ) on the absolute viscosities of different vegetable oils at different temperatures (26 to 90 ∘ C). The absolute viscosities of the different vegetable oils were determined using a Lamy Viscometer RM100, a rotating viscometer with coaxial cylinder. The torque of each sample at different temperatures was recorded at different shear rates. Based on the rheograms (plot of mean shear stress against shear rate), all of the vegetable oils studied were found to be Newtonian fluids. Rice bran oil was the most viscous (0.0398 Pa⋅s at 38 ∘ C) while walnut oil was the least viscous (0.0296 Pa⋅s at 38 ∘ C) among the oils studied. The higher shear range used did not significantly affect the absolute viscosities of the vegetable oils at the different temperatures. The absolute viscosities of the vegetable oils decreased with increasing temperature and can be fitted with an Arrhenius type relationship. The activation energies for the different vegetable oils ranged from 21 to 30 kJ/mole. The peanut and safflower oils had the highest and lowest activation energies, respectively. This means that greater energy was needed to effect a viscosity change in the peanut oil.
Introduction
Oils and fats are the essential materials for margarine, shortening, salad oil, and other specialty or tailored products, which have become significant ingredients in food preparation or processing in homes, restaurants, or food manufacturers [1] . The majority of the edible oils and fats produced worldwide annually is derived from plant sources and is referred as vegetable oils [2] .
Common commercially-available vegetable oils are canola, corn, olive, peanut, soybean, sunflower, and others [1, 3] . There are also number of new vegetable oils such as grape seed, rice bran, macadamia nut, and many others [4] [5] [6] .
Oil viscosity is typically measured and defined in two ways, either based on its absolute viscosity or its kinematic viscosity. The absolute viscosity of oil is its resistance to flow and shear due to internal friction and it is measured with SI units of Pa⋅s. In contrast, the kinematic viscosity of oil is its resistance to flow and shear due to gravity and it is measured with SI units of m 2 /s. The kinematic viscosity of oil can be obtained by dividing the oil absolute viscosity with its corresponding density [7] .
It has been well established that temperature has a strong influence on the viscosity of fluids with viscosity generally decreasing with increase in temperature [8] . The Arrhenius model is commonly used to describe the relationship of the temperature dependence on vegetable oil viscosity [9] .
The absolute viscosity of fluids is an important property needed in fluid flow and heat transfer unit operations. This includes pumping, flow measurement, heat exchange, sterilization, freezing, and many other operations [7] .
A number of studies have already been published on the effect of temperature on the absolute viscosities of vegetable oils [9] [10] [11] [12] [13] . However, all of these studies were obtained in a very limited shear rate range of 120 s −1 or lower. The use of higher shear rate range on the vegetable oils might affect their viscosities. There is, therefore, a need to determine the 2 Journal of Food Processing viscosities of oils over a wider and higher shear rate range (64.5 to 4835 s −1 ) and to evaluate their effect on the oil viscosity.
Materials and Methods
2.1. Materials. The different vegetable oils were purchased from local supermarkets and specialty shops. These vegetable oils include avocado oil (cold pressed), canola oil, grape seed oil, macadamia nut oil (cold pressed), olive oil (mixture of cold pressed and refined), peanut oil, rapeseed oil (cold pressed), rice bran oil, safflower oil (cold pressed), sesame oil, soybean oil, sunflower oil, and walnut oil (cold pressed). All oils were stored at room temperature (around 20 ∘ C) and in a dark place before analysis. Table 1 shows the energy and fat contents, as well as the fatty acids composition of the different oils used. The sesame seed oil showed only total fat content and saturated fatty acids on its label. The vegetable oils used have energy contents ranging from 3350 to 3770 kJ/100 mL and the total fat contents ranged from 90.5 to 100 g/100 mL.
Experimental
Methods. The absolute viscosities of the different vegetable oils were determined using a Lamy Viscometer RM100 (Lamy, France), a rotating viscometer with coaxial cylinder. Approximately 25 mL of oil was placed in the Tube DIN 1 outer cylinder, and then the bob MK Din-9 was inserted. The radius of the tube ( ) is 16.25 mm and the radius of the bob is ( ) 15.5 mm. The length of the bob is 54 mm. The correct mode was set for the appropriate measuring system (MS 19) and the measurement time was fixed at 60 seconds. A circulatory water bath was set at 26 ± 1 ∘ C, 30 ± 1 ∘ C, 38 ± 1 ∘ C, 40 ± 1 ∘ C, 50 ± 1 ∘ C, 70 ± 1 ∘ C, and 90 ± 1 ∘ C to maintain a constant temperature for the viscosity measurement. The torque of each sample at the different temperatures was recorded at a range of shear rate ( ) from 64.5 to 4835 s −1 . All viscometric measurements of the samples were carried out in triplicate. Every replicate was run twice; the shear rate in the first run was increased from 64.5 to 4835 s −1 and the shear rate in the second run was decreased from 4835 to 64.5 s −1 . The mean torque value of the two runs was recorded for each replicate at a given shear rate. The shear stress was obtained from
where = shear stress (Pa), = ratio of to , = radius of the tube (m), = radius of the bob (m), = length of the bob (m), and = torque reading (N⋅m).
The absolute viscosity of the oils was obtained from the slope of the linear regression of shear stress ( ) against shear rate ( ) based on the Newton equation [14] as shown below:
where = intercept of the linear regression which should be approximately zero and = absolute viscosity (Pa⋅s) 2.3. Temperature Dependency of Absolute Viscosity. The effect of temperature on the absolute viscosity follows the Arrhenius type equation [7] , which can be used to calculate the activation energy:
Equation (3) can written in a regression form as shown below:
where = consistency coefficient (Pa⋅s), = preexponential constant (Pa⋅s), = activation energy (J/mol), = gas constant (8.314 J/(mol⋅K)), and = absolute temperature (K).
The activation energy can be obtained from the slope of the regression equation.
Data Analyses.
Office Excel 2013 software was used to carry out the linear regressions for obtaining the absolute viscosity and activation energy of the oils. The mean absolute viscosity values of the different oils at different temperatures together with standard errors were obtained.
The mean relative percentage error (MRPE) was used to evaluate the adequacy of the derived Arrhenius type equations in predicting the absolute viscosity of the different vegetable oils at different temperatures, as outlined in Diamante et al. [15] .
Results and Discussion
3.1. Rheograms of Different Vegetable Oils. The vegetable oils analysed were derived from the following plant materials: cereal (rice bran), flower seeds (safflower and sunflower), fruit pulp (avocado), fruit seed (grape seed), pod seeds (canola, rapeseed, sesame seed, and soybean), whole fruit (olive), and nuts (peanut, macadamia, and walnut). Figure 1 shows the rheograms of representative vegetable oils at different temperatures with the lowest (walnut oil) and highest (rice bran oil) shear stresses. The rheograms for the other vegetable oils behaved the same and fell within the ranges of the shear stresses of walnut and rice bran oils. The results show that the shear stress increases with shear rate for all vegetable oils and at all temperatures. It must be noted that all of the plots have straight lines which strongly suggested that all vegetable oils were Newtonian fluids [14] . The same observation was also concluded for the other vegetable oils not shown here. In addition, the shear stress decreases with increasing temperature at constant shear rate. This was due to the higher thermal movement among the oil molecules, reducing the intermolecular forces, making the flow among them easier, and reducing viscosity [10] .
Absolute Viscosities of Different Vegetable
Oils. The absolute viscosities of the measured vegetable oils are summarized in Table 2 . The range of the coefficient of determination ( 2 ) for each oil and temperature are also shown. The 2 values for all vegetable oils and temperatures were very high (above 0.99) indicating that all experimental data fell on straight lines. The rice bran oil gave consistently high absolute viscosities while the walnut oil gave consistently low viscosities at all temperatures compared with the other vegetable oils. All of the viscosity values of the vegetable oils decrease with increasing temperature. This phenomenon was explained earlier in the previous section. All of the standard errors were very low, which means that the viscosity values obtained were very stable. The same effect of temperature on the absolute viscosities of the vegetable oils was also observed by Fasina and Colley [9] , Santos et al. [10] , Abramovič and Klofutar [11] , Steffe [12] , and Noureddini et al. [13] for various vegetable oils at different temperatures. Table 3 shows the experimental and published [9, 12, 13 ] absolute viscosities of different vegetable oils at different temperatures. The results show that most of the experimental values of the different vegetable oils studied were comparable with the published values at the same temperatures. The experimental absolute viscosities of some vegetable oils were also comparable with the published data even at different temperatures when taking into account the effect of temperature on the viscosity of the oil. Generally, the experimental viscosity of a specific oil and temperature was lower compared with the published data at lower temperature which coincides with the theory. The results suggested that the higher shear range used did not affect the absolute viscosities of the vegetable oils at different temperatures.
The results show that among the vegetable oils studied, rice bran oil (0.0398 Pa⋅s at 38 ∘ C) was the most viscous followed closely by the macadamia nut oil (0.0394 Pa⋅s at 38 ∘ C) while the walnut oil (0.0296 Pa⋅s at 38 ∘ C) was the least viscous and followed closely by the safflower oil (0.0299 Pa⋅s at 38 ∘ C). Generally, the same trend was also observed at other temperatures. The rest of the vegetable oils has viscosities that fell within the range of the rice bran and walnut oils with viscosities from 0.0311 to 0.0380 Pa⋅s at 38 ∘ C.
Examining Table 1 , it was observed that when the amount of saturated fatty acids in the vegetable oil was above 16%, the absolute viscosity was higher. However, there was no correlation with absolute viscosity when the saturated fatty acids were below 16%. This is in agreement with the results by Kim et al. [16] which also found the same trend for the different vegetable oils that they studied.
Temperature Dependency of Absolute Viscosity.
The absolute viscosities of the different vegetable oils were related to temperature using an Arrhenius type relationship using (4) and their slopes, intercepts, and coefficients of determination were determined.
The slope of the regression was used in deriving the activation energy for each vegetable oil. The 2 values of the Arrhenius regressions and the derived activation energies of the different vegetable oils as well as the published values [9] for activation energies of selected vegetable oils are shown in Table 4 . Table 2 : Mean and standard error for absolute viscosity of the different vegetable oils at different temperatures for a shear rate range of 64.5 to 4835 s −1 and the coefficients of determination ( 2 ) of linear regression for the shear stress and shear rate data.
Oil
Temperature ( The experimental activation energies for the absolute viscosities of the different vegetable oils ranged from 21 to 30 kJ/mole. The peanut and safflower oils had the highest and lowest activation energies, respectively. This means that greater energy was needed to effect a viscosity change in the peanut oil. Almost all of the experimental values of the different vegetable oils were comparable with the published data of Fasina and Colley [9] except for the grape seed, peanut, and walnut oils which have percentage differences ranging from 13-17%. The variation observed for these vegetable oils was probably due to the method of preparation of the oils used in the study (cold pressed, hot pressed, and solvent extracted). Liu et al. [17] showed that the extraction process affected the rheological properties of rapeseed oils.
Conclusions
Based on the rheograms, all of the vegetable oils studied were found to be Newtonian fluids. Rice bran oil was the most viscous followed closely by macadamia nut oil while walnut oil was the least viscous and followed by grape seed oil among the oils studied. The higher shear range used (64.5 to 4835 s −1 ) did not significantly affect the absolute viscosities of the vegetable oils at the different temperatures. The absolute viscosities of the vegetable oils decrease with increasing temperature and can be fitted with an Arrhenius type relationship. The activation energy values for the absolute viscosities of the different vegetable oils ranged from 21 to 30 kJ/mole. The peanut and safflower oils had the highest and lowest activation energies, respectively.
